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Before me, the undersigned authority, personally appeared Yuch Ping Hsieh, Ph.D., 
who after first being duly sworn on oath, deposes and says as follows: 

1. My full name is Yuch Ping Hsieh. I am Professor of Wetland Ecology at 

Florida A&M University. I hold a Ph.D. from ClkJggityl n lH 7 & , and 

have been T^n>i"cL^ for % ^ years. 

2. I am over the age of 21 years and make this affidavit based upon my 
personal knowledge. 

3. I am the first-named inventor on the above-referenced patent application. 

4. In an Office Action dated October 4, 2005, the Examiner has objected to the 
Specification on the basis of 35 USC 112 as being nonenabling of the invention. 
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5. The experiments for optimizing operating conditions were performed with a 
glove box having a known CO* concentration because we need to know how alkaline 
solution absorb C0 2 under various CO z concentrations. The experiments presented in 
FIG. 6 were with real samples of various respiration rates (various bacteria activities from 
fresh meat to stale milk) because there are validations of the microrespirometer method 
with a proven method. 

6. The Examiner has also questioned the data of FIG. 4. The relationship 
depicted in FIG. 4 is not obvious because it applies exclusively to very dilute alkaline 
solutions of less than 0.01 M. The relationship depicted in FIG. 4 was discovered as a 
result of FIG. 2, which illustrates that the C0 2 absorption rate (slope of the curves) by an 
alkaline, solution depends on both the concentration of the alkaline solution and the 
concentration of C0 2 in the head space until the alkaline solution is below 0.01 M. When 
the alkaline solution is < 0.01 M, the C0 2 absorption rate depends on only the 
concentration of C0 2 . FIG. 4 illustrates that a steady-state head-space CQ 2 concentration 
can be established if there is a source (respiration) and a sink (diluted alkaline solution < 
0.01 M) of C0 2 in an enclosed head space. That is, the respiration and C0 2 absorption of 
the diluted alkaline solution will adjust by itself to a steady-state C0 2 concentration in the 
head space as long the respiration does not change significantly and the alkaline solution 
is not completely neutralized. The steady-state CO z concentration in the head space is 
controlled by the respiration rate; i.e., the higher respiration rate, the higher the 
steady-state C0 2 concentration will be. The respiration rate then can be determined by 
simply measuring the C0 2 absorption rate of the alkaline solution at the steady state. Only 
under such a dilute alkaline concentration can the respiration rate be determined at the 



pL/h level and within a short period of time (< 1 h). This measurement of respiration rate 
through steady-state C0 2 concentration in the head space is unique in this invention and 
is therefore respectfully believed to be patentable. 

7. The Examiner has cited Stotzky (1965) as rendering Claims 1-13 
unpatentable. Stotzky teaches the principle of exhaustive C0 2 absorption by alkaline 
solution to determine respiration rates. Stotzky's methods require alkaline concentrations 
greater than 0.3 M to exhaustively (completely) absorb C0 2 in the head space in order to 
determine respiration rate. The principle of exhaustive C0 2 absorption is completely 
differentfrom the principle of establishing steady-state C0 2 concentration. No steady-state 
head space C0 2 concentration can be established by the Stotzky method because it would 
approach zero as the incubation is prolonged. The methods described by Stotzky have 
much higher detection limit of C0 2 (500 pL) than that of the present microrespirometer 
method (1 pL) because of the much higher alkaline concentration employed by Stotzky. 

8. Further, the method described by Stotzky requires complete (exhaustive) 
absorption of head space C0 2 . That is why it must use a much stronger alkaline solution 
(> 0.3 M) to exhaustively absorb the C0 2 . Any substantial C0 2 remaining in the head 
space of the Stotzky methods contributes error. There is no mention of establishing 
steady-state C0 2 concentration in the head space by Stotzky because it should not and 
cannot. The "steady-state equilibrium" described in Stotzky (1965) is referring to the 
respiration of a soil sample that is established by the conditions of water content, 
temperature, aeration rate, and spatial arrangement of a soil sample (please see the 
discussion in p. 1 553 of the Stotzky paper). The "steady state" of the microrespirometer 
is referring to the C0 2 concentration in the head space that is established by the balance 



of CO z evolution (respiration) and C0 2 absorption of the diluted alkaline solution. The 
principles of this invention and that of Stotzky's are fundamentally different. The acid used 
in the titration of the microrespirometer method is the C0 2 respired by the sample rather 
than by a HCI solution as described by Stotzky. A comparison of the microrespirometer 



method and that of the Stotzky can be summarized in the following table: 



Method 


Principle of Operation 


Concentration of 
Alkaline Solution 


Detection 
Limit 


Stotzky (1965) 


Completely and exhaustively 
absorption of the C0 2 from a continuous 
air straam or in an enclosed head 
space. >0,3 M alkaline solution is 
required in order to completely absorb the 
head space C0 2 . 


0.5-1 M NaOH 


■*500 uL in C0 2 
level and >6 nr. 
In time. 


This invention 
(micro- 
respirometer) 


Establishing a steady-state C0 2 
concentration in the enclosed head 
space during preincubation using very 
diluted alkaline solution. The C0 2 
absorption rate of the alkaline solution is 
determined at the steady state 
(absorption rate = respiration rate). It is 
not en exhaustive C0 2 absorption 
method because certain C0 2 
concentration is maintained in the head 
space throughout the determination. 


1-5 mM NaOH 


-1 ul_ in C0 2 
level and < 1 hr. 
in time 

_ 



9. The method described in the Specification and claimed in the present 



application has received the acknowledgment of peer review in the attached 
publications by one or more of the inventors. Exhibit A is a published paper entitled 
"Determination of Carbon Dioxide Evolution Rates Using a Novel Noninstrumental 
Microrespirometer/' by Y- Hsieh and Y. Hsieh {J. AOAC International 83(2), 277-281, 
2000). The method was used to provide data for Exhibits B and C, also published in 
peer-reviewed journals: "Real-Time Determination of Microbial Activity of Pasteurized 
Fluid Milk Using a Novel Microrespirometer Method," Z. Ren and Y. Hsieh (J. AOAC 
International 88(6), 1-6, 2005) and "Comparison of the Real-time Microrespirometer and 



i, 



Aerobic Plate Count Methods for Determination of Microbial Quality in Ground Beef/' X. 
Li and Y. Hsieh (J. Food Science 68(9), 2758-63, 2003). 

10. Therefore, I believe that the Specification is enabling, and that the claims 
patentably define over the cited reference of Stotzky. 

FURTHER AFFIANT SAYETH NOT. 




Subscribed and sworn to before me this ^*^ day of March, 2006. 




My commission expires: 



Personally known to me 



or 

Produced identification of: 
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EXHIBIT A 

ENVIRONMENTAL ANALYSIS _ 

Petermination of Carbon Dioxide Evolution Rates Using a Novel 
Noninstrumental Microrespirometer 



2121 Springwood Dr. Auburn, AL 36380 

• • 



A navel noninstrumental microrespirometer was 
developed to determine carbon dioxide evolution 
rates of solid or liquid samples at plK level© accu- 
rately end rapidly. The resplrometer Is baserf on 
the slmpfe principle of add-frase titration at a 
steady-state of carbon dioxide absorption/evolu- 
tion. The structure and operation of the 
microrespirometer are simple and the cost Is mod- 
est In comparison to Instrumental methods. The 
mfcroreepirometer Is suitable for laboratory stud-, 
ies and field routine examinations of food, agricul- 
tural, and environmental samples. 



Respiration is acotnmon indicator of biological activity. 
Rcspirometry (measurement of respiration rates) has 
been applied to a broad spectrum of applied and envi- 
ronmental microbiology, such as toxidty-^atabiliry # process 
control and prediction of biological oxygen demand (BOD 5 ) 
in wastewater treatments (U 2), assessment of metal toxicity 
01 Uving soil microbial Momass (4-6). and food quality 
(7 8) 

* Respiration rates can be measured either by rates of oxygen 
consumption or COj evolution. Rapid oxygen consumption 
rate can be measured by using an oxygen probe or a quantita- 
tive electrolytic cell (2). Most oxygen respirometers, however, 
are applicable only to liquid samples. Oxygen rcspiroroeters 
with an electrolytic eel) can be used to determine rcspiraoon of 
solid or semi-solid samples, but their sensitivity is greatly 

compromised- . - , 

Sensitive and rapid C0 2 respirometers based on infrared 
(JR) detectors have been developed in the last 3 decades (9), 
and can handle solid samples with high speed and sensiuvity. 
Instrumental respirometers are technically complicated and 
expensive if accuracy and sensitivity are demanded. 
NoninstmmentaJ CO2 respirometers operated by an alkaline 
trap and acid-base titration have been in existence for years 
(10). They are simple but relatively slow (measurement in 
days) and less sensitive (detection limit in mL CCVday). Sen- 
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1 Author to whom corrrspcmdcnct should be addressed. 



isdtive and rapid determination of respiration rates is highly de- 
sirable in monitoring microbial activity in food and environ- 
mental samples* 

We developed a novel non-instrumental microrespirometer 
capable of dej^rrnming COj evolution rates of solid or liquid 
samples rapidly (m 1 h) and sensitively (pLfh level). The op- 
eration is simple and the cost is very modest The 
rnicrorespirometer can be conveniently operated under labo- 
ratory or field conditions. 

Experimental ' 

Materials 

(a) Mterorespirometer.— -The design of *e 
rmcrorespiroroeter is based on the simple principle of 
acid-base titration between an alkaline solution and CO* 
with phcnolphthnlein to indicate the end point The 
micraresprometer consists of a transparent reaction chamber 
andasample vial (Figure 1). The reaction chamber is. in fact, 
a smaD alkaline trap (total beadspace, 6-7 mL) with a septum 
hole. The size of a sample vial may vary depending on the 
need (vials of 25, 30. 40, and 75 mL are available; 
e g f Fisberbrand [Su wanee, GA] EFA bottles). The reaction 
chamber and the sample vial arc coupled through a standard 
threaded screw and septum liner to form a closed headspace. 
Alkaline solution can be injected into the reaction chamber 
with a syringe The alkaline solution absorbs the COj in the 
headspace. The indicator in the alkaline solution changes 
from a deep to a faint pink when the alkaline solution is con- 
sumed by C0 2 . The microrespirometer is shaken at a fixed 
rate of ca 240 rpm on an orbital shaker to enhance the absorp- 
tion of CO* 

(b) Amine solution.— The alkaline NaOH-Baar-ra^ 
cator solution contains an equal molar ratio of NaOH and 
J3a0 2 and 0.5 mL indicator solution (0 J % phenolphthaleb in 
50% ethanol solution) per 50 mL alkaline solution. BaC! 2 in 
the alkaline solution precipitates the absorbed C0 2 that en- 
sures the stoichiometry of 2 moles of alkaline spent per mole 
of CO* absorbed, 

CO a +2NaOH+BaCl 1 =BaCO,(s)+2Naa (I) 



BEST AVAILABLE COpv 
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Reaction chamber ^1 \ 

■ I JjjJ Septum tofct 




Sample veil 



Figure 1 . A graphic representation of the 
rnferoresprrometer. The reaction chamber has a total 
headspace of 6-7 mi. Irr which up to 1,2 mL can be used 
to hold the alkaline Indicator solution. The size of the 
sample vial can be varied according to the test 
Currently, 25, 40* and 75 mL sample vfals are available 
commercJaffy, x 



shaken at 240 rpm on an orbital shaker. A I mL portion of 
0,2, 0.1,0.01, or 0.001M alkaline solution was injected into 
the vial through a syringe needle port at the beginning of the 
experiment and the concentration of C0 2 in the viaj was re- 
corded periodically. The experiment was repeated twice. 

(c) COt concentration experiment. — The relationship 
between the C0 2 absorption rate and the C0 2 concentration In 
tbe headspace of the micmrespirometer was investigaced 
. Microrespirometcrs with a 75 mL sample vial were coupled in 
a glove box of known CQ 2 concentration. An increment of 
0.1 mL 0.002M alkaline solution was injected into the reac- 
tion chamber. The microresprromcters were shaken at 
240 rpm and the time required to consume each increment of 
the alkaline solution was recorded. The consumption of each 
increment of the alkaline solution (i.e., 0.2 umol alkaline, or 
0.1 pmol COJ represents a 297 ppm (v/v) reduction of CO a 
concentration in the 82 mL mxcrorespiromeier at 25°C Each 
treatment was performed in triplicate, 

(d) Microresplrvmeter procedure. — A portion of solid 
or liquid sample was place in a sample vial and the vial was 
coupled to a reaction chamber. 0.8 mL alkaline solution of 
suitable concentration was injected into the reaction chamber 
using a syringe. The ^spirometer was shaken at a fixed rate of 
ca 240 rpm for 30 min (tbe pre-equilibration period), ensuring 
that the alkaline solution was not completely consumed dur- 
ing this time. If the alkaline solution wass about to be con- 
sumed, more alkaline solution was injected into the reactiOR 
chamber.' After 30 min pre-equilibration, the shaker was 
stopped and the alkaline solution in. the reaction chamber was 



BaC 2 also sharpens the change of color at tbe end point 
when a very low level of respiration is being determined. The 
alkaline solution is stored in a septum-capped vial to prevent 
absorption of CO2 from the air. The alkaline solution is trans- 
ferred through a syringe. 

Procedures 

The following experiments were performed to determine 
the optimal conditions for operating the micrurespirometen 

(a) Shaking rate experiment. — The effect of shaking on 
the C0 2 absorption of the microrespiroraeter was investi- 
gated Microrespirometers with empty 25 mL sample vials 
were coupled in p glove box of known CO2 concentration (de- 
termined by an IR C0 2 analyzer). A0.2 mL portion of O,002M 
alkaline solution was injected into each reaction chamber. The 
microrespirometers were shaken at a fixed rate of 
100, 150, 200, 250, or 300 rpm. The time required to con- 
sume the alkaline solution in each microrespiro meter (as indi- 
cated by the color change) was recorded. Each treatment was 
performed in triplicate. 

(b) Alkaline concentration experiment — The effect of 
alkaline concentration on the absorption of C0 2 in a closed 
headspace was investigated A 25 mL sample vial was con- 
nected to an IR analyzer as described by Hsich and Hsieh (9) 
so that the vinj and the 7R detector formed a closed headspace 
in which air circulated continuously. The 25 mL vial was 
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Shaking rate, rpm 

Figure 2. Relationship between C0 2 absorption and 
shaking rate of the micromsplrometer at 25'C, Each dot 
represents a single measurement, not a mean- 
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Figure 3. Relationship between CO2 absorption and 
concentration of the alkaline solution In the 
microrespirometer. The experiment was performed at 
25"C and a shaking rate of 240 rpm. Each dot represents 
a single measurement, not a mean. 



was determined by the microrespirometer method. A dupli- 
cate sample in another 25 mL sample via! was also placed in a 
250 mL flask and the CQ 2 evolution rate was deiermined by 
the IR analyzer method described by Hsieh and Hsieh (9). The 
sample vials in the microrespirometers and those ip the 
250 mL flasks of the IR analyser were exchanged and the C0 2 
rates were determined again with the alternative methods. 

Results and Discussion 

The effect of shaking rates on CO2 absorption of the 
microrefipirorneter is shown in Figure 2. The C0 2 absorption 
increased as the shaking rate increased from 1 00 to 250 rpm. 
The increase in C0 2 absorption leveled off when the shaking 
rate exceeded 250 rpm. Shaking at 200 rpm or higher im- 
proved reproducibility of C0 2 absorption. A fixed shaking 
rate between 200 and 250 rpm is recommended for the 
microrespirometer because the benefit of shaking is achieved 
while the difficulty of operation at higher rates is avoided. 

The results of the alkaline concentration experiment are 
presented in Figure 3. As the concentration of alkaline solu- 
tion decreased from 0.2 to 0.0 1M. the CO2 absorption rate de- 
creased as well. The C0 2 absorption rate did not further de- 
crease as the alkaline concentration was reduced from 0.01 to 
0.001M, It is not possible to have complete absorption of C0 2 
in the hcadspace of a microrespirOTneter in a matter of hours 
when the concentration of the alkaline solution is less than 
0,0 1M. The concentration of the alkaline solution has to be 



withdrawn to ca 0. 1-0.2 mL remaining. The respirometer con- 
tinued to be shaken until the alkaline solution changed to a 
faint pink. The shaker was stopped immediately .and OA mL 
alkaline solution was injected* shaking resumed, and the time 
required to consume the alkalinity was recorded. Increments 
of 0.1 mL alkaline solution were injected twice more and the 
time required to consume each increment was recorded. The 
average of the time required to consume the 0. 1 mL increment 
alkaline sotution was used to calculate the CO2 evolution rate 
with the following formula: 

Wl _ 0.1xl0 3 xM/2 

CO, evolution rate, umol/h = — (2) 

1 t/60 

where M is the concentration of the alkaline solution in mo!/L 
and t is the time required to consume 0, \ mL alkaline solution in 
min. TheCOi evolution rate can be expressed in jiL/h by multi- 
plying the molar volume of C0 2 at a specific remperature. 

(e) Validation experiment.— -The C0 2 evolution rales de- 
termined by the microrespirorneter method were compared 
with those determined by an established IR analyzer method. 
Portions of soil samples of relatively low C0 2 evolution rates 
(2-5 fiL/h/g) t unfrozen processed meat samples of medium 
CO2 evolution rates ( 10- 1 00 u.L/h/5 g). and room lemperature 
milk samples of high CO2 evolution rate 
(60-280 uJJh/20 mL) were placed in 25 mL sample vials. The 
C0 2 evolved by microorganisms associated with each sample 
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Figure 4, Relationship between CO2 absorption end 
concentration of COz in the hoadspaca (B2 mL) of the 
microrefipirorneter. The experiment was performed at 
25 e C and a shaking ret* of 240 rpm. Each dot represents 
a single measurement, not a mean* 
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much less thai) 0.0 1M in order to determine C0 2 evolution 
rate at a fiL/b Jevel. The rrucrorespirometer, therefore, docs 
no J work on the principle of a complete COj absorption but on 
t on absorpdon/evojation equilibrium principle.that will be dis- 
cussed in detail later. An alkaline solution of Jess than 
0.00Q5M is not stable enough to be used in the 
microrespirometer because the possibility of contamination ' 
from the ambient CO2 is too large for such low alkalinity. 
Phenolphthalein is not stable in alkaline concentrations ex- 
ceeding 0.0 1 M; the deep pink color wjJl fade away by itself 
within I h. Therefore, a proper alkaline concentration range 
suitable for the microrespirometer is between 0,01 andO.OOlM. 

Figure 4 depicts the relationships between the C0 2 absorp- 
tion rate of a 0.002M alkaline solution and the concentration 
of the C0 2 in the headspace of a microrespirometer. In gen- 
eral, the C0 2 absorption rate has a positive curve-linear rela- 
tionship with die concentration of C0 2 . The CO z absorption 
rate of the respirometer at a given temperature and shaking 
rate reflects the C0 2 concentration in the headspace of the 
iruerorespiroraeter which is, of course, not necessarily the 
CO2 evolution rate of the sample. However, if a sample is 
equilibrated with the alkaline solution in the respirometer at 0 
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Figure 5. The relationship between the 
"pre-equflibratlon" time and the % of the equilibrated 
value (ratio of COz absorption rate/equl Iterated CO, 
absorption rate mujtfpried by 100) for 0 sample In a 
mFcrorespirorneter using 0.002M alkaline solution. 



given temperature and a given shaking rate, then the concen- 
tration of CO z in the respirometer would eventually reach a 
constant value when the C0 2 absorption rate equals the CQ 2 
evolution rate. For example, if the bcpnmng Cfy concentra- 
tion of the respirometer is 450 ppm and the C0 2 evolution rate 
of the sample is 100 pUh. the C0 2 concentration of the 
respirometer will be increased to about 660 ppm (Figure 4) 
and stay there because an equilibrium of CO2 absorption and 
< evolution is established. If the C0 2 evolution rate of the sam- 
ple is 20 uXA the Cf^ concentration of the respirometer will 
be decreased to about 150 ppm (Figure 4). where an absorp- 
tion/evolution equilibrium is established The C0 2 evolution 
rate of a sample, therefore, can be determined by the C0 2 ab- 
sorption rate of the microrespirometer when an equilibrium or 
steady-state is established. That is, after a sample is equili- 
brated with an alkaline solution in a microrespirometer, the 
CO2 evolution rate can be determined by the dme required to 
consumer small increment of the alkaline solution (equa- 
tion 2). 

The minimum dme required for a sample in the 
respirometer to reach an equilibrium was deduced from a 
computer simulation based on the relationship between the 
CO z absorption rate and the COj concentration of the 
respirometer and the C0 2 evolution rate of the sample. That is, 
the concentration of CC4 in the headspace of a respirometer 
after being shaken for a small increment of time At is. 
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(3) 



where Q and are the C0 2 concentrations of the 
respimmeter ai time i and dme i + At, respectively. is the 
CO z absorption rate of the respirometer at dme i and a func- 
tion of the CO2 concentration C, . E is the COj evolution rate 
of the sample and V^,*^ is the volume of the headspace. 
The mathematical relationship of Ac, and q was generated by 
a nonlinear regression curve fitting program (TableCurve, 
Jaodel Scientific, San Rafael, CA) using the data of Figure 4. 
The regression enabled the calculation of Aq based on Cj . The 
values of Aq, C|, and Cj +d< for each small time increment 
(0.5 win) of At were calculated and tabulated using a spread- 
sheet software (Excel, Microsoft, Redmond, WA) based on 
equation 3. An equilibrium is attained in the simulation when 
the COj concentration in the respirometer approsches a con- 
stant, i.e., (Ao - E ) approaches 0 and Q^ f approaches C ( . The 
minimum time required to attain an equilibrium is the sum of 
all small time increments. At, during which C0 2 concentration 
approaches a constant. The rado of the C0 2 absorption rate to 
evolution rate (i.e. ( Aq/E) expressed as a percentage of the 
C0 2 evolution rote during the dme course of reaching an equi- 
librium is presented In Figure 5. Two headspace volumes of 
the respirometer, i.e., 12 mL (5 mL remaining headspace in 
the sample vial plus 7 mt in the reaction chamber) and 27 mL 
(20 mL remaining headspace in the sample vial plus 7 mL in 
the reaction chamber) were simulated in Figure 5 

The results indicated that the smaller the headspace. the 
quickera* equUibnum ,5 reached, and that the greater the CO- 
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Rgure 6. Comparison of the results of the CO2 evolution 
rate determined by the mlcroresplrometer wfth an 
established IR analyzer method. Each dot represents a 
single measurement, not a mean. 

evolution rales, the quicker an equilibrium is reached. For ex- 
ample, in /he 1 2 raL headspace case, 30 min pre-equilibration 
is sufficient for the measurement of all CO2 evolution rates 
k I vUh. In the 27 mL headspace case, 100-107% of equili- 
brated value can be attained within 45 min for all C0 2 evolu- 
tion rates, except the J pL/h case. The working range of the 
re^pirometer is designed to be 1-300 uL/h, which requires 
30-45 min of pre-equilibration time, according to the condi- 
tion of this study* to measure accurately the C0 2 evolution 
rate. If the CO* evolution rate is very low (< 5 ul-/h), the 
headspace of the respirometer must be kept minimal to hasten 
the equilibration. The respirometer was designed so that the 
size of the reaction chamber stay* the $ame while the size of 
the sample vial may vary according to the need of samples and 
the requirement of a minimal headspace. 

The micro respiration wa$ compared with an established IR 
respirometer on samples of various COa evolution rates (Fig- 
ure 6). The regression analysis indicates a very good 1 : 1 linear 
relationship (slope -1.032 and r*=: 0.978) between the 
2 methods in a wide range (2-280 \xUh) of respiration rates. 

One of the advantages of the rnierorespirometcr is its abil- 
ity to determine the C0 2 evolution rate accurately at the fiL/h 
level in a short time, Determination of QO2 evolution rates at a 
pITh level is quite a challenge even for a sophisticated IR 
method. The IR analyzer must be able to detect less than 
10 ppm (v/v) changes of CO* concentration with certainty 
during a ptnod of hours. The accuracy of an IR analyzer 



stem: Journal of AOAC International Vol. 63, No. 2, 2000 2S1 

method is further limited by the uncertainty of the volume oc- 
cupied by a solid sample in most cases. Variation of headspace 
humidity, pressure, and temperature ell affect the accuracy 
and precision of an IR respirometer. Because the 
microrespirometer method is based on the principle of CO2 
absorption-evolution equilibrium, its accuracy is not affected 
by headspace volume, humidity, pressure, or initial C0 2 con- 
centration. The simplicity, noninstrumental nature, and very 
modest costs of the nucrorespirometer will make it available 
to many laboratory and field applications where accurate and 
rapid determination of respiration rate is required. 

Conclusion 

A novel noninstrumental nticrorespirometer was developed 
for the determination of CO2 evolution rates. The 
rnicrorespirometer is based on the simple principle of acidr-base 
titration at a steady-state of C0 2 absorption/evolution. The 
microrespirometer is sensitive (detects pL CCVh), rapid (mea- 
surements made in 1 h), versatile (applicable to solid and liquid 
samples in a wide range of sizes), simple (in structure and oper- 
ation), and economical (costs a fraction of an IR respirometer). 
The microrespirometer is suitable for monitoring real-time mi- 
crobial activities in food, agricultural, and environmental sam- 
ples, with regard to quality assurance and health safety con- 
cerns, under laboratory or field conditions. 
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Real-Time Determination of Microbial Activity of Pasteurized 
Fluid Milk Using a Novel Microrespirometer Method 

Ztuo Ren 
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The effectiveness of the rapid CO2 evolution rate 
(CER) method was evaluated by using 3 novel 
noninstrumental microrespirometer to determine 
the microbial activity of pasteurized milk and 
comparing it with traditional culturing methods in 
homogeneous milk samples. Three different kinds 
of milk (skim, 1% fat, and whole) stored at 
2 temperatures (4 fl and 7°C) were measured dally 
for CER, aerobic plate count (APC), and 
psychrotrophic bacterial count The mean initial 
rates of CO2 evolution for all 3 samples stored at 
the 2 temperatures ranged from 3.42 to 
3.71 nL/h/mL and increased to 29 uUh/mL and 
above on the final day of tho experiment. 
Regression analysis showed a high correlation 
(R a 0.98-0.99) between the APC and CER results 
in combined milk samples. A cut-off value of CER 
(25 (.tUh/mU) for milk spoilage at refrigeration 
temperatures was identified. Tho real-time CER y*^ 
method shows promise as a potential alternath^p 
the traditional culture method. 



Microbiological deterioration is the jwaTts^roblem 
limiting the shelf-life oi'pasleurize^mud^iriilk due 
to its hijih water activity, neuj'ftjjl p¥» a "d rich 
nutrient content. T he spoilage microorganisms in pasteurized 
milk at refrigeration temperatures nrej^ierally accepted to be 
psychrotrophic bacteria (1, 2). Ttf^jP^Sbic plate counts 
(APC) have a long history of u^%^"T effective means to 
monitor microbial activity oQiC&rv^roducis, although this 
method involves a great deal ^KlihUme, labor, and materials 
(3, 4). Quulity assurance jtfw^y perisliable food products, 
such as lluid milk, najfi^Jcst methods that are simple, 
accurate, and economics^ with speedy results available to 
allow a quick dc^isio^p^possible risks. 

Rapid bacteritf^st^fsment methods can be established 
based on a variety *i>£ properties of microbes, including their 
characteristic size and mass ranges, chemical composition, 
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growth characteristics, 
immunological activities, an* 
measured in terms of subs 
formation, changes in pi, 
(5). Several systems: an' 
alternatives to the 
industry, inch* 
(AIT), impedari< 
However, al 





disadvanta; 
insensitivi 
are otlig&fl 
predict^ 



nzyme activities, 
lie activity, which is 
consumption, rate of product 
d redox potential changes 
iqucs. have been proposed as 
d commonly used in the dairy 
vate, adenosine triphosphate 
microcalorimetric Methods (4, 6). 
nethods suffer from at least one 



>1e, enzyme detection techniques are 
i only be used when bacterial cell numbers 
O *FU/mL Thus, they are diagnostic rather than 



iacterial metabolism products include gases. Because 
dioxide (CO^) is a product of bacterial energy 
rtaBblism (respiration), detection of CQ 2 evolution is a 
/^rSJential method for detecting and monitoring the growth of 
J ^\s^ c|wr fi an isnis (8-12). A simple and economical 
microrespirometer has been developed by lisieh and 
Ilsieh (13). This hon>ihstrumental system for measuring the 
C0 2 evolution rate (CER.), which is both simple to construct 
and easy to operate, is based on an alkaline trap and the 
acid-base titration principle. During bacterial growth, the 
CERs in either solid or liquid samples can be directly 
determined without the need for any sample pretreatmch't. 
This microrespirometer method has been successfully used to 
assess the microbial quality of solid perishable food, such as 
ground beef (8). 

The objectives of this study were (7) to investigate the 
feasibility of using the microrespirometer to determine the 
microbial activity in a liquid sample system, i.e., pasteurized 
fluid milk samples at 2 refrigeration temperatures, over time; 
and (I) to validate the CER results obtained using the 
micitji^iroinctcr by comparing them with the 2 traditional 
bacterial enumeration methods Of APC and psychrotrophic 
bacterial count (PBC). 



Experimental 

Chemical Reagents 

Analytical grade NaOH, BaCl 2 , phcnolphthalein, ethanol, 
peptone water, andpH buffer standard were obtained from 
Fisher Scientific Co. (Fair Lawn, NJ). A 50 mL amount of 
0.OO2N NaOH/BaCl 2 indicator solution was prepared daily by 
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Figure 1. Relationship between CER, bacterial counts 
(APC and PBC), and storage time of skim milk samples 
stored at 4° and 7°C. CS = CER of skim milk; TS = Total 
APC Of skim milk; PS = PBC of skim milk. Standard 
deviations are within 0.0244-1,3591 from tho moans 
(/l ■= 6). 



diluting 0.5 mL 0.2N NaOH, 1 .0 mL 0.2N BaCl 2 , and 0,5 mL 
indicator solution (0.5% phenolphthalein ill 50% ethanol 
solution) with deinnized water. 

Milk Samples 

Three types of milk samples (skim, 1% low fat, and Wtio 
milk with 3.25% milkfnt) and 2 storage temperatures jfcj^a 
7°C) were chosen to compare the correlation and sen L sfcyiL^>K 
the novel rapid method wilh ihe conventional meftotfo^ach 
of the 6 samples. To compare the results from tl^ j ie ^ rapid 
method with the traditional culturing method|ffle coniplctely 
homogeneous sample was used. To^Sh^jirc sample 
homogeneity and avoid further contaminBtj^ of this highly 
perishable sample, all samples were lajjen from one sealed jug 
rather than pooling several jugs of'Sw^pe of milk for all 
analyses under each storage conditf&^lF 

Two of each type of pasleiirjzS^nuJ^ samples, packaged in 
half-gallon plastic jugs with^ajnie brand and expiration 
data, we.rt; purchased frojrfaYto^l ijmvcxy alone. Thev were 
immediately stored in n^lbn^tors, wilh one set stored at 4°C 
and the other at 7°C unlihhe end of the experiment Each day 
sensory cxaminalionK^tfetect the onset of spoilage were 
made immedialel^tecffi opening each original container of 
milk sample. About^SO ml. of each milk sample was then 
ascptically Iransfeired from the container into a 50 mL tube 
for measurement of CFK, total bacterial count, and P13C 
Samples for microbiological sampling were taken first from 
each tube before subsequent sampling for the determination of 
CER. 




Bacteria! Enumeration 

Pctrifilm 7 * SM Plates (Medical Products Division, 3M 
Company, St. Paui» MN). were used for enumeration of APC 
and PBC according to. the manufacturer's instructions. A I mL 
amount of properly diluted (a scries of 10-fold dilutions) milk 
sample was pipetted directly to the center of the prescribed 
plating area, Petrifiim plates were incubated at 3£"C for 4$ h 
for APC, and at 7°C for 10-15 days for PBGSjjO^Ionies 
were counted in the countable range (2CTfip wFU). To; 
compute the bacterial count; the total numlKt orftblonies per 
plate was multiplied by the reciprocal aSu^c dijution used. 

Determination of CER 

The noninstriimental niicroresplRto in this study 

was designed by Ilsieh and t^ ^ t f| gfi. The 50 mL sterile 
tubes containing ca 30 mL mHjj ffo^each sample were placed 
in a water bath shaker forW^ip at 25°C to bring the milk 
sample to room tcrnpei^u^lne milk samples were then 
bubbled wilh COj frofeau-^hich was generated by an air 
pump that passed aJMbrotrgh a strong alkaline solution trap 
(2N NaOH), fd^J<flr m * n 40 reraove dissolved 
C0 2 (D^QaJ* treMent) in the milk After the 
DeCOo trcat^|L5 niL of each milk sample was placed in 
sample yiatt?i^giicn were then coupled in turn to the reaction 
charnber^offfle microrespiroraeter; and the assay was 
conduci^^Cordmg to Hsieh and Hsieh (13). 

Ailprvoliimq of 0.002N alkaline indicator solution was 
tcdmto the reaction chamber with a sterile disposable 
, The m icrorespiromeler was placed on a Platform 
(New Brunswick Scientific Classic Series, Edison, 
) and shaken at a fixed; rale of .240 rpn) for 30-4f>min to 
insure adequate removal of Ihe pre-existing C0 2 in the 
reaction chamber. The alkaline solution was then withdrawn, 
and 0. 1 mL of the fresh alkaline solution was injeclcd. The 
time needed to consume the 0.1 mL of alkaline solution, 
indicated, by the color change from purplish Ted to faint pink, 
was recorded. 
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Figure 2. Relationship between CER, bacterial counts 
(APC and PBC), and storage time of 1% fat milk 
samples stored at 4° and 7*C. CF = CER of 1% fat milk; 
TP = Total APC of 1%fat milk; PF a PBC of 1% fat milk. 
Standard deviations are within 0.0199-3.3853 from the 
means [n a 6). 
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Figure 3. Relationship, between CER, bacterial counts 
(APC and PBC), and storage time of whole milk 
samples stored at 4° and 7 n C. CW = CER of whole milk; 
TW = Total APC of whole milk; PW= PBC of whole milk. 
Standard deviations are within 0.0203-1.0108 from the 
means [n = 6). 



Injection of 0.I mL increments of alkaline solution was 
repeated 3 times for each sample, and the lime required lo 
consume each increment of alkalinity was recorded. The 
average of the time required to consume the O.I mL alkaline 
solution was used ro calculate the CER using the following 
formula 1 1 3): 



CER, j.tL/h/mL = 22.4 (0.1 x 1 0 3 x M/2) I [t/60] Vj 




where M is the concentration of the alkaline soldpnifcii 
mole/T., 22.4 is the gaseous volume (mL) of 1 mole^tojjit a 
specific temperature, I is the lime required to con&rneSi, 1 mL 
alkaline solution in a minute, and V is the voljmjSfe^itfie milk 
sample in mL. ^kjfa"* 

Onset of Spoilage 

The onset of spoilage of each miJIjSpronJe was determined 
by daily sensory examination by/tfc^p#ie 2 trained judges. 
Each day the original milk con^^rswere removed from the 
refrigerator and ihe judges afel^fd^he odor of each milk 
sample- Odors were judgc^*^4nShieasiry scale of 4 points: 
fiesh odor, light ort-od^r^n^ohor, and strong/bad off-odor. 
An off-odor that left a dtyjncfcinell was generally regarded as 
objectionable. Although s^me milk may develop hitter taste 
before a strung ojc^j^rjetected, taste evaluation was not 
included i a this s^^fo avoid the possible risk of human 
expos lire to hi£.h numbers of spoilage or pathogenic bacteria 
towards the end of the shelf-life. Agreement had to be reached 
between the 2 judges before the description of the odor could 
be recorded. Whenever there was any doubt concerning the 
presence of an objectionable odor, that particular sample was 
reassessed the next day for confirmation. The day the off-odor 



was confirmed represented the day the sample was 
determined unacceptable. 

Statistical Analysis 

All experiments were conducted in duplicate 
day 1 (day of purchase) to spoilage. The 
coefficients (R> were computed and compared 
software ( 1 4) for all 3 methods: CO* APC, * 
and quadratic regression analyses were coi 
SPSS, to quantilate the relationships bcrwi 
and COa rale, APC, and PBC (15). 

Results and Discussion 

Bacterial Enumeration 



The bacterial counts in m 
milk became spoiled, as de 
growth curves for ski 
stored at 4° and 7 
respectively. 





daily from 
correlation 
ing SPSS 
* ^Linear 
;So using 
of storage 



es were, made daily until 
by odor. Typical bacterial 
whole milk samples 
'own in Figures 1, 2, and 3, 

Fg 1-3 

On day 1, whi&wal the first day of the experiment, the 
initial APCs ijwsampljif stored tit 4°C were 1.49, 1.43, :and 
1.46 logCFl^&ffis^ l%fatmilk, and whole milk, 

rapectivcly&b^ The initial APC in all 3 types of milk 
samples ^jedTit boih 4° and 7°C did not differ significantly 
(P > 0$<jfoth APC <10Q CFU/mL. Hie initial APCs in 
samjJle^OTfed at7°C were 1 .89, L72, and 1,54 log CFU/mL 
foj^inWiilk, 1% fat milk, and whole milky respectively 
fpwfc 0- Each milk sample (skim, J% fat, and whole) 
JWerwent an increase in total APC during storage ;al both 
npcratures, and showed a typical growth profile with lag 
iase and log phase. The maximum counts in all milk samples 
at the point when mijk was determined organoleptically to be 
unacceptable were between : 1 0 ? and 1 0 8 CFU/mL; On the final 
day of the expeximcntj the APCs of milk sample s stored at 4°C 
were 7.72, 7.98, and 7,78 log CFU/mL for skim milk, ]% fat 
milk, and whole milk, respectively (Table 1 A), and for milk 
samples stored at 7°C, the APCs were 7.46, 7.89, and 7.85 log 
CFU/mL for skim milk, |% fat milk, and whole milk, 
respectively (Table JB). 

The results of APCs in this experiment supported the 
previous findings (2, 16) that an APC reading of 
lO'-IO 8 CFU/mL to milk was the generally accepted number 
of microorganisms in milk that indicated that spoilage had 
occurred. Wilbey ( 17) suggested 10 7 CFU/mL as the threshold 
for detection of off-odor and bitterness in milk In our 
experiment, a detectable off-odor for all milk samples was 
associated with high bacterial counts, typically in excess of 
I0 6 CFU/mL, and when the APC reached between I0 7 and 
10* CFU/mL, all milk samples became unacceptable. Tb1 
The PBC results in the experiments showed similar- growth 
profile (Figures 1-3). The initial PBCs in all 3 milk samples 
were undetectable or very low, with PBC <50 CFU/mL. On 
day 1, log PBC was 0 for all milk samples at 4 °C storage 
temperature (Table 1A), At 7°C storage temperature 
(Table IB), the initial PBC was 1 .49 log CFU/mL in skim 
milk, 1.70 log CFU/mL in 1% low fat milk, and 0 in whole 
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Table 1 . Multiple comparative analyses of results of 3 methods on 3 experiment days for milk samples at 4° and 7°C 
(P<0.05) 



Experiment 
day 



Skim 



CER, iiUh/mL* 
1% Fat Whole 



Skim 



APC. log CFU/mL 6 
1%Fat Whole 



PBC, logCFU/mL c 
Skim !%Fat Whole 



A4°C 



Day T 
Exp.Da/ 
End Day 7 



3 5196 3.6451 
0 9157* 



3.441 8" 
4.3967* 



33 0084" 38.7505* 29.8261* 



1.4914 1.4314 
3.8573* 2.7324 
7.7243 7.9754° 



4,000 O.OCWMtfOOOO 
4.6990* 

7.9294% s!feZ94* 7.8663* 



Day 1 
Exp.Day 
End Day 



3.7!34 e 3.5247 
24.6032* 181H73 9 
38.M52* 33.0/13* 



3.4244 
8.7125° 
28.9967* 



B: 7"C 



1.8976 1.7243 
6.7782 fl 7.0334* 
7.4624° 7.8921 



J CER B CO ? evolution rata. 

b APC = Aerobic pl^lo count. 

c PBC ~ Psychrotrophic bacteria count 

tf Day 1 = First day of the experiment. 

• Mean diffaronco is significant at P < 0 05 

' Exp. day - Expiration day of the milk; 

o End day = Day designated as the end of shelf-fife for tha milk. 



milk. The PBC results were also in agreement with Lhc 
previous studies of Henyon (IS) and Bishop and White (19), 
who found that the initial PBCs in freshly pasteurized milk 
were absent or very tow because most of the psyehrolrophie^ 
bacteria cannot survive pasteurization. Dabbah ct al. (20) 
indicated that the presence of psychrotrophic bactcria^n 
pasteurized milk can usually be atuubu(eo^%& 
post-pastcur iza lioti e o ruaro i i ia ti on . 

As shown in Figures 1 -3, the psychrotrophic biu>t«^|jWgrevv 
rapidly in milk alter about 4 days of storage a| both 
refrigeration temperatures, even though the imdararuiU was 
absent or very low. At the end of the inijgS^ft^f life, the 
maximum numbers of psychrotrophic l^a^rianad reached 
10* CFU/mL. On the final day of the expedient* lor milk 
samples stored at 4°C, log PRC w^7^3 for .skim milk, 
8.68 for 1% fat milk, and 7.87 foyl^S^ple milk (Table IA). 
For milk samples stored at 7°C, l6fi Vwf on the last day of the 
experiment was 7.94 for skim'f^p^^.Ol for 1% fat milk, and 
7.76 for whole milk (Table 

These findings wcre*H|sj isfefpported by many previous 
studies (18, 19,21) thi^loohd that psychrotrophic bacteria 
grow fast at low tcn^eratgrcs and ore the primary cause of 
spoilage in refrigemtcd^asfcurized milk, Maxcy(22) reported 
that psyehrolrophl^/SScteria account for 90% of the total 
bacterial populalionVwhen milk spoil, and suggested dial 
measurement of the total PBC could be an important method 
for determining post-pasteurization contamination of milk. 
However, the PBC method is not routinely used because of the 
long incubation lime and low incubation temperature, 
required. 




CERtMeasurement 

j^T^bacterial counts increased, the CER also increased in all 
Ilk samples during storage at both temperatures, with a 
iiall rale of increase in the lag phase and a large rate of 
Ifiercasc in the log phase (Figures. 1-3). The mean initial rates 
of CQ 2 evolution for all 3 samples (skim milk, 1% fat milk, 
and whole milk) stored at the 2 temperatures ranged from: 
3.42 to 3.71 u,L/h.mL (Table 1), and the CER in the whole 
milk sample was lower (P < 0,05) than that in either the skim 
milk or 1% ful milk samples. 

On the final day of the experiment* for milk samples stored 
at 4°C, the CER was 33.61 pL/h/mL for skim milk,- 
38.75 u.L/h/mL for I % fat milk, and 29.83 uITh/raL for whole; 
milk (Table 1 A), For milk samples stored at 7°C, the CER was 
38.75 uL/h/mLfor skim milk 33.07 pX/h/mLibr 1% fet milk,; 
and 29.00 uL/h/mL for whole milk (Table IB). The mean; 
CER for skim milk, and 1% fat milk was higher than that for 
the whole milk (P< 0.05). 

Correlation Among CER, APC, and PBC 

Correlation coefficients were computed among CER, 
A PC, and PBC for the skim milk* l%fet milk^and whole milk 
at both 4° and 7 9 C. IHgh correlations were found between 
C0 2 and log APC, and between. C0 2 and log PBC {Table 2). 
As shown in Table 2A, the correlation coefficient (P < 0.01} 
was 0. 88 for the relationship between CER and APC, arid 0.8 1 
for the relationship between CER and PBC for the skim milk 
slored at 4 C C. For the sample stored at 7°C, even .higher 
correlations (P < 0.01) were found between CER and APC 
(R- 0.92), and PBC (R = 0.89). Table 2B shows that CER was 
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Table 2. Comparative analysis of (A) skim milk, (6) 1% fat milk, and (C) whole milk by Pearson correlation coefficient 
{P< 0.001) 



Method 



CER 



4"C 
APC 



7°C 



PBC 



CER 



APC 



PBC 



A: Skim milk 



CER* 
APC 0 
PBC C 



CER 
APC 
PBC 



0850 
O.iilO 



0.880 
0.9/3 



0.810 
0.973 



B:1%Fat milk 



O.BOiJ 
0,903 



0899 
0.975 



0.903 
0.975 



C: Whole milk 



CER 
APC 
PBC 



0.933 
0.8C7 



0.933 



0 977 



0.867 
0.977 



* CER = CO^ evolution rate (jiUh/mL). 

* APC = Aerobic plate count (log CFU/mL). 

15 PBC = Psychro trophic bacteria c#unl (log CFU/mL). 




signiiieanlly correlated (J* < 0.01) with both APC (11 - 0.90)/ lff %umeration of bacterial numbers in pasteurized milk under 
and PBC (R = 0.90) for the I % milk stored at 4°C. Significant^^ [Mine laboratory conditions. 

By extrapolation, a CER of 26 \xUh/mL was identified as 



correlations (P < 0.01) were also found between CERJuhd 



APC (K 0.91) and CER and PBC (R= 0.86) for the ^t^L. 
stored at 7°C. Similar results were found in whoIcrniiWfcas 
displayed in Table 2C. The CER. was signilkanU^,^*datod 
(P < 0,0 L) with both APC (R = 0.93), and PBC (if « 0?g3) for 
the whole milk stored at 4°C- Signifies wuelations 
{P < 0.0 1 ) were also found between CER anoW^'R = 0.87) 
and PBC (R = 0.9 1 ) Ibr the sample slurc(|^^- Tb2 

In general, the values showed a higher deg&c of agreement 
between CLiR and APC than ?BC4o8^1tthe milk samples 
stored at both 4° and 7 W C. There/e^S^ioadratic regression 
analysis for the combined milk samples was used between log 
CER and log APC to confirm tl^jghdtngs of a high correlation 
between CER and APC, an^f^Jde^Ify a su itable cut-off point 
for milk spoilage. The rag^iobinodel showed that Rwas as 
high as 0.99 for milk Hto ) rca\t 4°L\ which indicated that the 
2 variables were highly related (P < 0.0001) such that as 
overall APC incrcaSfed; the overall CER increased 
(I'igure 3A). CEIfSrftfArC for milk samples stored at 7°C 
were also highly related with R = 0.98 (1> < 0.0001), as shown 
in Figure 3B- This study thus found that the results obtained 
using the APC and CER methods are highly congruent, and 
thai cither CER or APC could be used as a reliable indicator 
lor bacterial giowlh in pasteurized milk. The results also 
suggest diar. die CFT< method is a possible alternative for The 



the cut-off point for spoilage of pasteurized milk 
(APC >log 7 CFU/mL) stored at 4°C, and 27 uJjh/mL for 
milk stored at 7°G under our laboratory conditioaS. In our 
experiment, once the CER reached this cut-off value^ a 
detectable odor was present in all the milk samples. Therefore, 
based on this resultj a safe cut-off CER of <25 \\UhJmL 
should be considered to be the threshold of acceptance of 
commercial pasteurized milk. Because the CER method 
measures microbial, metabolic activity* rather than cell 
numbers, the numbers of bacteria can only be estimated Tn 
addition, the species, growth stages, sample matrixes; and 
total population of organisms present: in the sample, could all 
urlcct the metabolic activity of the. microorganisms. The 
possible predominance of a specific microorganism cannotbe 
distinguished by the CER method However, in a previous 
study (8), a CER value of 25 jiUh/g was aiso empirically 
determined to be the safe cut-off value for acceptability of 
both fresh and previously frozen ground beef stored at 
different refrigeration temperatures (4° and 7°G). It appears 
that this CER value of 25 nL/h/g or 2 5 ^L/h/mL could be used 
as a universal threshold of acceptance, regardless of the 
storage conditions, types of dominating microorganisms, and 
types of food. 
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Figure 4. Quadratic relationship botwocn log CER and 
log APC of all the milk samples stored at (A) 4°c, 
Y= 0.5422 - 0.00649 X i 0.01622 X 2 , R = 0.9876; and (B) 
7°C, Y= 0.40507 + 0.05983 X+ 0.01042 X 2 , R = D.9842. 



The application of The non instrumental microrespirometer 
for C0 2 detection in this study has clearly revealed Ihat^KTs 
method has many advantages. Jt is coraparabtfcH^W' 
conventional platiny methods in determining the pre^e^ncepf 
microbial contamination and is easy 10 set ^^^^Suse 
preparation and sterilisation of media arc not r&jj^a. The 
CER method is highly sensitive with the dete^nlmiit in the 
order of nl/h level. It does not require UalSiK^d expertise 
beyond thai necessary for proper excewfrrt of the other 
bacterial enumeration methods. A distinct advantage of the 
CER method over the A PC methodi(OM«*tcst results can be 
obtained within J h. 

XXXAU: 1*1 CURE 4 TS NO^ITED IN TEXT XXX 



Conclusions 

The results obtuiifc'd^bV the CER method using a 
noninstruinental miei^spiromctcr in this study were highly 
comparable with yj£^£^ :,fa ' neri nv traditional APC and PBC 
methods for all Ihe^LpflFsamples (skim milk, 1% fat milk, and 
whole milk) at bu'Ch Siota^e temperatures (4° and 7°Q 
examined. I Iigh cuirelation coefficients between the CER and 
APC indicated that measurement of the CER was a viable 
alternative for determining microbial activity in pasteurized 




milk. A CER of 25 jiL/h/mL was identified as the cut-off value 
for spoilage of pasteurized milk stored at refrigeration 
temperatures under laboratory conditions. The 
microiespirometcr, therefore, is a rapid, sensitive, simple, 
economic* and .nondestructive method that can be used to 
determine the real-time microbial quality of a fluid milk 
sample under both laboratory and field conditio^ at a very 
modest cost 
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EXHIBIT C 



Comparison of the Real-time 
Microrespirometer and Aerobic Plate 
Count Methods for Determination of 

MlCrobicii \juan\y in vjivuiiu ucci 

X. Ll AND Y.-H.R HSIEH 



ABSTRACT: Real-rime mlcrorcspuometer measurements were compared with the aerobic plate count (APC) 
method to assess microbial quality of ground beef stored at 4 °C and 7 °C with and without previous freezing; the 
samples were monitored daily for CO z evolution rate (CER) using a microrespirometer, APC, and were evaluated 
for color and odor changes by a sensory panel. The CER was highly correlated with the APC for all storage 
conditions (r 2 = 0.787 to 0,932). The onset of meat spoilage was more closely associated with a specific CER value 
(>25 u«L/h/g) than APC The new method was found to be more accurate hi predicting meat spoilage, especially 
for previously frozen samples. 

Keywords: carbon dioxide, respiration rate, microrespirometer, ground beef, spoilage 



Introduction 

In the U.S., the consumption of ground beef is very common. 
According to the Natl. Cattleman's Assn., the average consump- 
tion of retail ground beef for each American was 33.7 lb in 1980 and 
28,8 lb in 2001, accounting for 44.1% and 43.2% of the total con- 
sumption of beet respectively (CatuVFax and USDA 2002). How- 
ever, ground beef is a highly perishable food because of its high 
water activity, near neutral pH, rich nutrient contents, and its large 
surface area that tends to support bacterial growth (Jay 2000). Al- 
though some muscle enzymes contribute to meat deterioration, 
microbial growth is the most important factor associated with the 
quality maintenance of fresh meal, Therefore, rapid and sensitive 
^ methods for microbial quality determination in ground meat are 
highly desired by the meat industry for quality control. 

The conventional aerobic plate count CAPO method and several 
modified cultural methods (Chain and Fung 1991; Linton and oth- 
ers 1997) are relatively simple and are the most commonly used 
method for monitoring the microbial contamination in meat These 
methods assess the number of viable organisms present, not their 
metabolism (Seymour and others 1 894). and require at least 48 h of 
incubation to obtain a result The U.S. Dept. of Agriculture (USDA) 
recommends that consumers keep beef either in a freezer or in a 
refrigerator immediately after purchase. Freezing can cause bacte- 
rial Injury, even death, and although injured bacteria are able to 
form colonies on nonselective agar, they exhibit reduced metabolic 
activity after freezing and thawing (Ray and Speck 1973). Because 
the metabolic activity of spoilage bacteria is the major cause of meat 
deterioration, cultural methods may not be a reliable means of 
determining the microbial quality and predicting the shelf life of 
ground beef that has been stored at freesdng Temperatures. 

MS 20030222 Subm Itted 4/24/Ql Revised 8/24/03. Accepted 9t2SJ^ UMtar 
li is wiih tiie Dept. ofBlostatistics and Epidemiology, unia ofomnoma 
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32306' 1493. Direct inquiries to author Hsieh (E-mail; 
yhsi e h&mailer.FsLLeJu)' ^ _ 
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Carbon dioxide evolution is a common indicator of biological ac- 
tivity Measurement of CO-,, evolved from microorganisms is one of 
the approaches that have often been used to assess the microbial 
load in rood, agricultural, and clinical samples. On the basis of this 
principle, the instrument, BacT/Alert 3D has been commonly used 
in hospitals monitoring the sterility and bacterial growth in clinical 
Specimen (Carricajo and others 2001; Krisher and others 2001). Mea- : 
surement of C0 2 using gas chromatography (Cuerzoni and others 
1985; Basem and others 1992). radiometric techniques (Previte 
1972), and an infrared C0 2 analyzer (Threlkeld 19Q2; Chew and 
Hsieh 1998; Hsieh and Hsieh 1998) have all been successful in de- 
termining the level of contamination by mesophilic and colubrm. 
bacteria in food samples, including hamburger, mUk # water, catfish, 
and botded juice. Recently, Hsieh and Hsieh (2000) developed a 
noninstrumental microrespirometer technique that is fast (<2 hfc". 
sensitive, and easy to operate. This technique measures the C0 2 
evolution rate (CER) at the equilibrium point, where the C0 2 ab- 
sorption rate equals the CER, and is based on acid-base titration. 
The new microrespirometer is suitable for both routine laboratory 
tests and for use in the field. So far, no studies have been reported 
using this method for the determination of the raicrohial quality in 
meat, for example, ground beef. The objectives of the present study 
were (1) to compare the effectiveness of the microrespirometer with 
the APC method for analyzing ground meat samples with respect 
to the prediction of spoilage; (2) to evaluate the sensitivity of these 
2 methods in samples stored under 2 refrigeration temperatures* ■ 
4 "C and 7 °C, both with and without previous freezing; and t3) to 
establish a cut-off value of acceptability (the CER for the raar#n- 
al state) for the microrespirometer method. 

Materials and Methods 

Sample collection and preparation *. ^ 

Locally purchased fresh ground beef chuck containing 20 ^V 
was used as the sample in this study The sample was ^ $p0 jJ^. 
to the laboratory on ice and prepared immediately after purcn . 

<£> 2003 institute of Food TechncJo^i 

Further reprodvcCDrtproNbhodwi^P 8 "^ 



^jft pgrtson of miaorgspirometerm ethod 

• ,.r ascmic conditions. To ensure complete homogeneity, the 
Twirh a uniform thickness (approximately 1 cm), fhe pacK. 

by ^"^"^^^Se a K t .22 -C for 20 d followed by nrfr* 

■ m ZZi Somd^nrthcday ofpurchascorthcday a 

« removed bom the freezer and placed in the refrigera- 
ofXple was randomly selected from each storage 
' S^en dSy ond tested by the APC, CER, and an assessment of 

off-odor became evident. 

^valuate ^ m 4 = brown; and 5 

■ red. 2 - rca. J si* . y Samples ^th scores of 3 and below 

?3m-, each sample once ^P^.^*!^ = ™ 
/VPC 



-ruble 1 -The 1 it day of moat spoilage baeod on moat color 
^rodorVvaluatlon undor « differe nt etorage condition* 



Storage 
conditions* 



1»t day of color score 1st day of odor score 
above 3 (score ± SD) fe above 3 (score * SD)° 



4°C 
7 n C 

Fr-10d-4°C 
FM0d-7 °C 
F.-200S4 °C 
Fr-POri-7 P C 



4(4*0) 

3 (3-4 ± 0.55) 
7 (3-8 ± 0-45) 

4 (3.7 * 0.58) 
6 (3.6 * 0.55) 

5 (3.8 * 0-45) 



5 (3-75 ± 0,5) 
4 (3.75 ± 0.5) 

8 (3.8 ± 0.45) 

6 (4 ± 0) 

9 (3.8 ± 0.45) 
6 (4 t 0) 



*p f -t0d-4 "C = held at 
7«C after 1&-d frozen 
Storage; Fr-2W-7*C = 
score Ol color or odor 
able. 



4 »C aftef 1Q-d frozen storage; Fr-IOd-7 °C : ■> 'held ai 
ftlofaoV F/Sod-4 "C • held at 4*C a ft of 20-d frozen 
hold at* 7 »C after 20-d frozon storage. Samples with a 
above 3 wore cornered Spoiled and thus unaccotf- 



P Tcn erams of each ground beef sample were accurately weighed 
at 35 °C for 48 h (Ingham and Moody 1990). 

lein indicatorwithdeioruzed water lo 100 mU w* u> g«£>™™ 

cator solution was immediately in|ectea imo . f 
svrinee after which shaking was resumed. Hie nmt requtrea 

I URLs and £ mal c«Wr«Mi« are *' ■'v'.i'WB 



iections of 0.2 mLalkaline solution were repeated until a consistent 
time was observed for the change. The average time required to 
consume the incremental 0.2 mL alkaline solution was used to cal- 
culate the rate of C0 2 evolution by applying the following formula; 

CER (n-L/h/g) = 1(0.2 x 10 s * M/2) x 22.4] / (t|min)/60)/g 

where M=the concentration orthe alkaline solution; t= the time to 
convert the alkaline solution from a deep to afaint pink color, and 
g = the weight of the ground beef sample. 

Statistical analysis 

All determinations were performed in duplicate. The entire ex- 
periment was repeated tw.ee. The effec ts of refrigeration temper- 
ature (4 »C compared with 7 X). frozen compared with ' nonfrown 
storaee and the duration of frozen lime (10 d compared with 20 d) 
on the APC and CAR were analyzed by Student's r-test and 2-way 
analysis of variance at a = 0.05 (SAS Inst- 1992). Simple linear and 
quadratic regression analyses using the Excel program (Microsoft 
Co , Seattle. Wash., O.S-A) were used to determine the relationship 
between Ihe CER values (log pUYH0 and APC numbers (tog colo- 
„y-forming units [CFWg). Cut-off values for acceptabihty were 
obtained from a regression equation based on the sensory-evalu- 
allon results and references for proposed microbiological standards 
of meat. 



Results and Discussion 

Sensory characteristics . 

The sensory results are summarized in Table l.The rate of discol- 
oration was observed to be faster than that of odor changes for a giv- 
en sample, with the color score reaching an unacceptable level 1st. 
For fresh ground beef samples, color scores above 3 occurred at day 
4 at 4 °C and day 3 at a 7 'C storage temperature, whereas the meat 
odors for these samples did not become unacceptable unul day 5 
and day 4, respectively. Similarly, for previously frozen samples, the 
teown color was not apparent until day 7 and day 4 for samples 
stored at 4 «C and 7 'C, respectively, after 10 d of frozen storage, 
The brown color was not apparent until day 6 andday 5for samples 
stored at 4 °C and 7 «G respectively, after 20 d of frozen storage. 
The unacceptable odors were, however, detected at day 8 and day 
6 for samples stored at 4 X and 7 1 respectively, after 10 d of fro- 
zen storage. The unacceptable odors were detected at do, i end 
day 6 for samples stored at 4 'C and 7 -C. respectively, after 20 d o 
frozen storage. The occurrence of unacceptable meat color was 
usually 1 to 3 d earner than the unacceptable meat odor.The dis- 
coloration ormeat is mainly because of the oxidation of myoglobin 
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Comparison of microresplromoter method . . . 

j - ' 

Table 2-Tho CO H evolution rates (y.UW&) and aerobic plate counts (log CFU/g) of ground beef samples* 



Storage 
conditions* 



CO- evolution rate (|iL/h/g) 



Aerobic plate counts (log CFU/g) 



DayO 



Onset of spoilage End point 



DayO 



Onset of spoilage End point 



4 n C 
7 U C 

Fr-10d*4 n C 
FM0d-7 °C 
Fr-20d-4 °C 
Fr-20d-7 a C 



6.63 ± 0-1 6d 
6.63*0-16d 
5.00 ± 0.18c 
4.97 ± 0.17c 
3.66 & 0.01a 
4.28 ± 0.16b 



30.97 *1-20gi 
29.24 x1.30fg 
24.70 ± 0.62e 
29.51 ±062gh 
28.57* 1.661 
32.68 ± 1.11 i 



46.34 * 2-23j 
73.23 * 2.57k 
65.73 ±3.01j 

105.66 ±2.771 
73.91 * 4.91k 
129-50 ± 4.98m 



3.81 ± 0.007 1n 

3.75 ± 0.0071 n 
3.72 ± 0.021 n 
3.69 * 0.035n 
3.79 ± 0.092n 

3.76 * 0<035n 



6.Q0±0.014o 
5.96 ± 0.021 o 
7.26 ± 0.028r 
7.55 % 0,00713 
7.41 ± 0-064r 
7.64 ± 0.028s 



6.93 ± 0.035q 
6,26* 0.0071 n 
8.00 ± 0.0141 
8.32 ± 0.02lu 
8.27 * 0.028u 
7.68 ± 0.071s 



aMeans within columns with no common tellers (a through u) di»0f significantly (P < 0.05) 

M "C = stored a< 4 *C, 7 *C = eiorod at 7 "C; Fr- 1 0d-^ "~ ' 

4 ft C = hold at 4 'C after 20-d frozen storage; Fr-20d- 



bi""r "- fiioiad TiT*C*7 ; C = stored at 7 *C; FM0d-4 *C = held Ot 4 "C after 10-d frozen storage; Fr-10d-7 °C = hold at 7 *C after 10-d frozen storage F r -20d- 
' - - - - j.7 *C m held at 7 "C after 20-d froze" Olotftfle 



into metmyoglobin and is not necessarily caused by bacterial be- 
havior (Gill 1996). However, the development of off-odors does re- 
cult bum tfc* mirmhiwl mrfahrSlism nf amino acids fBorch and oth- 
ers 1996J. Thus, odor is a more accurate indicator, of meat spoilage 
than color. According to the color and odor changes, the samples 
which had undergone a previous freezing treatment had a longer 
shelf life compared with those which had not been frozen ('{able 1), 

"*"The tacterfaY*|roW(rTcWFSs ror uie ineai. sampie* aie miowi* 
Figure 1 . The APC values on day 0, at the onset of spoilage, and at 
the experimental end-point are listed in Table 2. The APC values 
increased during storage for all the temperature conditions. On day 
0, the initial bacterial loads for all 6 different storage conditions 
ranged from 3.67 to 3.81 log CFU/g and did not differ signiflcandy 
CP > 0.1) (Table 2). This result was In agreement with a previous 
study, which reported that the initial bacterial load of ground beef 
was between 3.0 and 4.0 log CFU/g (Borch and others 1996). The 
USDA reported that the baseline of initial mesophillc bacteria in 
Kround beef was 3-9 log Cf U /g (Dormedy and others 2000). 

The samples at the onset of spoilage had total bacterial counts of 
6.00 log CFU/g and 5.96 log CFU/g for samples refrigerated at tem- 
peratures of 4 *C and 7 B C, respectively, and ranged from 7.28 log 
CFU/g to 7.64 log CFU/g for the 4 previously frozen samples. When 
^ the samples were determined to be completely spoiled, the APC 
values reached 6.93 log CFU/g and 6.26 log CFU/g for fresh samples 
stored at 4 °C and 7 °C, respectively, but ranged from 7.6ft log CFU/ 
g to 8-32 log CFU/g for previously frozen samples. These results 
supported the findings of previous studies (Carl 1975; Pivniek and 
others 1976; Mates 1983; 1CMSF 1986; Jay 2000) that proposed an 
APC value of between 6.0 and 7.70 log CFU/g as the upper limit of 
acceptability in commercial fresh and frozen ground beef. 

A significantly higher number for the APC (P < 0.00 1 ) of pre-fro- 
zen sa mples compared with that of nonfrozen samples was consis- 
tently observed at the onset of meat spoilage. There was an approx- 
imately 1.5 log difference in the APC values between the frozen 
and nonfrozen samples [Table 2). This difference can be explained 
by the reduced metabolism of some microorganisms injured dur- 
ing freezing and frozen storage, thus a higher number of spoilage 
hacteria must be attained over a longer storage time to produce 
enough metabolic products before the spoilage can be detected 
organoleptically. Some of the microorganisms are damaged by 
freezing because of the formation of ice crystals and exposure to the 
concentrated solute. This kind of damage is called metabolic injury 
because hacteria are Still able to form colonies in complete nutrient 
media but not in selective media because of reduced metabolic 
activity (ftay and Speck 1973). 

Presently, no clear microbiological standard of acceptability of 
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ground beef has been established in the United Stales. The stud- 
ies that associated the deterioration with sensory characteristics 
reoortCCLdiffcccnt bacterial counts corresoondine to the 
meat spoilage. Lambert and others (1991) observed that off-odor 
and slime were detected on meat when bacterial numbers reached 
7.0 to 8.0 log CFU/cni 2 , whereas Raccach (1998) found the range to 
be from 7.0 ro 9.0 log CFU/cm 2 . The Health Protection Branch of 

Health and Welfare Canada recommended that different microbi- 
al 1 ~V~..l*l U» „„-,t;„J *~ *J .^-f 

^LVUWVKI| Willi nil- ujipl^L IIIIMWUI <iltfl,l,}MaUIULy ucmg u_v lug X^fXJ t 

g and 7.0 log CFU/g, respectively, based on a national survey con- 
ducted between 1974 and 1975 (Pivnick and others 1976). There- 
fore, total bacterial number may not be an accurate indication of 
the meat quality, especially for previously frozen meat. 

C0 2 evolution rates 

As bacterial counts increased! CER also Increased during stor- 
age under all experimental conditions, with a small increase in the 
lag phase and a pronounced increase in the log phase (Figure 2). 
The mean initial rates of C0 2 evolution for the 6 temperature treat- 
ments ranged from 3.66 to 6.63 jtUh/g (Table 1), and the CERs of 




4 B 0 7 

»torig« tiro «. dty* 



Figure 1 -Changes In total aerobic plate counts (APC» log 
CFU/g) compared with storage time (d) under ™ - ^*V-| at 
age conditions for ground beef samples. 4C s 
4 "Ci 7C = stored at 7 "C; Fr-10d-4C a held at 4 *C a ™ r V! 
d frozen storage; Fr-10d-7C = hold at 7*C after *0- d !Jr 
ten storage; Fr-20d-4C n held at 4 °C after 20-d fro** n J^T 
ages Fr-20d-7C = held at 7 'C after 20-d frozen J™ ™2 
Standard deviations of APC are within O.0O71 to °- 01 * 
the means trt = 2), 
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lP orlson o f microrespirometer method . 



rb m P ar,50n 1 — " 

Treatment 4 °C 



7°C 



4 e C 



7"C 



| parameter 

S ^volution rate (^h/g) Frozen 
r w 2 Nonf ro3 

I'APC (log CFU/Q) 



Nonfrozen 
Frozen 
Non frozen 



3.12* 0.21 a 
7.04 ± 0.55c 
4.12 ± 0.24k 
4.36 ± 0.08k 



3.22 t 0.29a 
7.58 ± 0.37d 
4,37* 0.10k 
4.41 *O04k 



3.78 ± 0.31b 
25.97 ± 3.87g 
5.39*0.29* 
5.62 ± 0291 



7.79 ± 2.28e 
28.15 ±1.47h 
6.59 ± 0-25n 
6.06 ±0J3rn 



8.37 ± 0J4I 
41-27 ±3-88i 
6.58 1 0.32n 
6,67 ± 0.22n 



26.09 ± 4-39h 
62.81 ±12.48j 
7.80 ± 0.23p 
7.02 ± 0,2Qo 



V £ SSles ^ all the temperature treatment, OnMt 
in an uiu aai ^ tenioerature treatment, the CEKS 

vere ^ L ' h ^ d J e l^l % ot prevl ouSly frown samples, 
ated at 4 »C ^ 7 C, respect ^ J J d men hcld at 
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• Sally influence bacterial metabolic activity, 
influence of refrigeration temperature 
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those refrigerated at 7 "C, whether with or without previous freezing 

1 ^Comparison or the 2 refrigcrated-only samples shows that the 
average CERs were significantly different [P< 0.05). with samples 
stored at 7 *C having higher values than those stored at 4 "C for the 
same Storage times: the APC values demonstrated a similar pat- 
tern except for day 1 and day 6- When analyzing the data for the 
subsequent refrigeration temperatures of the pre-fro7.en samples, 
significant differences [P < 0.0S) were also found between 4 C and 
7 -C for the same storage times, both In the CER and .n the APC 
results (data not shown). Thus, these results suggest that both the 
microrespirometer method and APC method are sensitive to the , 
effect of refrigeration temperature and are accurate ways to mea- 
sure the deterioration of ground beef during refrigeration storage. 

Influence of freezing and freezing length 

An interesting finding was observed when comparing theCEll 
and APC results between previously frozen samples and nonfrozen 
samples. Three experimental days (days 1. 4. and 6) were chosen for 
the comparison, eachofv.ruchreprescntedadiffereiitstageo meat 
rancintt from freshness 10 spoilage. Data were analyzed using 2- 
wavanalysis of variance after classification inio 4 groups in terms 
of frozen or nonfrozen treatment and 2 different refrigeration tern- 
peralures. It was found that there was a significant difference in 
CER between the frozen and nonfrozen samples for either 4 C or 
7 -C of refrigeration (P < 0-05); however, no significant difference ; 
(P > 0 05) was observed in APC values between the frozen and non- . 
ftozen samples on the 3 selected experimental days, except for day 
4 and day 6 for samples stored at 7 «C (Table 3). These results cleariy 
demonstrate that freezing Influences the microbial activity ' in; 
around beef samples, which can be sensitively reflected by the 
rates of CO, evolution, but not the APC results under laboratory 
conditions. The differences between the frozen and nonfrozen 
samples in terms of APC and CER resultsmay be attributed to the 
different principles underlying these 2 methods. The APC method 
is based on the enumeration of colonies, and this method assumes 
that each colony develops from a single microbial cell or the origi: 
nal culture, whereas the microrespirometer method measures the 
overall CER produced by microbial metabolism. The sensory re- 
suits showed that the off-odors were detected much later In the pre- | 
viously Wn samples than in the nonfrozen samples and the on- 
set of spoilage appears to be more closely associated with a high 
CER value than with viable cell numbers. Therefore, the results 
from this study suggest that the microrespirometer method s a 
roore sensitive method for the determination of ""^"J 0 "** 
and would thus be more accurate for prediction or shelf life m meat 

Sa 'l£Vffccts of 2 different freezing lengths (10 d compared with 20 
d) on APC values and CEHs were analyzed hy factorial analysis. No 
Lufkant difference in either the APC values (P > 0.6172) or the 
TEB (P > 0 SUB) was obtained between the 10-d frozen Storage and 
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20-d frozen storage samples. Some studies IBay and Speck 1973: 
SccS, and others 2002) have reported that will, an increased 
SSSLm storage, the bacterial population further decreases 
Suseof the rccrysudltotion of small ice opals and prolonged 
XTureUeco^^^ 

In this study, the 2 freezing durations tested at -22 C may have 
been too close to observe such a difference. 



Correlation between CEB and APC values 

With respect to the nonfrozen samples the linear regress.un 
JS showed the best fitting performance. - = 0.057. for samples 
stored at 4 'C. which indicates that these 2 parameters were highly 
Sted. As overall APC increased, the overall CEH *o , mcrcased 
figure 3). A slightly lower correlation coefficient of 0 787 was ob. 
Lined between the CEB and APt: values for samples stored at 7 C. 
Amplification of the difference between the 2 ^ h ^™ e ° 
rapid microbial growth and increased activities at tbeh«he 
Zage temperature may be the reason tor the lower correlate 
compared with that of samples stored at 4 °C. 

C£B and APC of the pre-frozen samples, the fitting performance 
was not ideal, with the correlation coefficients rangmj ^between 
0 695 and 0.838 (data not shown). In contrast a quadranc ^regres- 
s ion model obtained a higher correlation. With regard to the «nv 
Dies stored at 4 X and 7 'C after a 10-d frozen storage penod.h.Rh 
pSc correlations with r* of 0.952 and 0.942. "V-^^ 
obtained (Figure 4a and 4h). For samples Stored at 4 C and 7 C 
after 20-d frozen storage, the correlation coefficients between the 



CHR and APC were 0.899 and 0.847. respectively (Figures 4c and 
4d). Different regression models between the nonfrozen and frozen 
samples suggest that there was a slower increment in the CER of 
the frozen samples compared with that of nonfrozen samples dur- 
ing storage, although no difference in total bacterial numbers ithat 
is, APC values) between nonfrozen and frozen samples during stor- 
age was observed- Overall, the results of this study indicate that the 
APC and C0 2 evolution methods are very comparable, and CER 
could safely be used as a reliable indicator of bacterial activity In 
ground beef. In fact, the real-time microrespirometer method is 
more accurate than the APC method In predicting the spoilage of 
ground beef. 



Determination of a cut-off value for CER 

Once the spoilage odor became detectable, the APC levels of the 
2 refrigerated-only samples were close to GOO log CFU/ g (Table 2). . 
This number is consistent with the upper limit for the acceptability 
of nonfrozen meat proposed by Pivnick and others (1976). Thus, 
by extrapolation. CERs of 26.98 nUh/g and 28.21 u,L/h/g. corre- 
sponding to APC = 6 JO log CFU/g, were identified as being suitable 
values to signal the onset of spoilage for fresh ground beef stored 
at either 4 °C or 7 *C under our laboratory conditions (Tabic 4). The 
values of the CER at the onset of spoilage for previously frozen sam- 
ples were calculated, based on their corresponding regression 
equations, individually. In addition, based on the results of our 
sensory evaluation and the proposed level of spoilage for frozen 
samples (Mates 1983), an APC value of 7.5 log CFU/g was used to 
calculate the marginal value of the CER. The corresponding CER 





Flgur. 3-TtiO "neer relaUoMWp b^. frown t - ^ 
hJUn tho C0 2 .volution rate l"*! J°9 8 

£g CFU/g) Ot the combined ground beef 
samples a*omd at * = 4 'C? end b = 7 -C 
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*' be cons" 



Tablo 4-C0 A evolution raU* btL/h/g) and aerobic ptata 



^gcd from 26.49 nL/h/g to 29.04 nL/h/g (Table 4) 1 hererore ™ blu ett at o«ret of spoilage 

Tvd on the results, a safe cut-off CEK value of 25 |iL/h/g should 5 ^ 

considered as the threshold for the acceptance of ground beef. 



Conclusions 

Both the real-time «2 h) miaorcspiromcter method monitoring x _ 

CEB and the traditional APC cultural method can effectively 4 o Y = 0.2833X- 0.2484 

«sess the microbial quality in ground beef samples. Freezing influ- pM 0(M , c y = 0 .1 og, x * - 1 .01 33X + 2.9469 

the microbial activity in ground beef samples, which can be FM od . 7 = C y = 0.0967X? - 0.91 09X + 2,7063 

Svelyrcflectedb ym er a tesorC0 2 revolutionJ>mnotmeAPC ^1°C Y-offi^'S;^ 

' !!l;!ir e undertheexperimentalcontliaons.AstheAPCvaluesassr)- Fr-20d-7 C Y-0.1149X -1.Q866X» 3.094] 

K^r Ra mDleS varies significantly, that is, 6.0 log CFU/g and 7,5 log |njMn fi d . Fr -20d-4 -c - held at 4 *c afior 20-d frozen Btorage; Fr*o<i- 

■ cS/R respectively, a CER value of 25 pX/h/g was identified to be 7 -C - h*.d ai 7 -c after 20* ftozen atorao,, 
! the safe cut-off value for acceptability of ground beef stored at dif- 
ferent refrigeration temperatures (4 *C and 7 regardless of 

orcvious freezing. Thus, the microrespirometer method is not only 

,™i f i hiu iKn more sensitive and more accurate than the microbiological control of foods. Lebcnsm-Wiw Technol 18:128-32. 

more rapid nut albO more hciiiiuvu i rtnirh v p Kaich Y-HR 1 99a. Simple system for rapid determination of carbon 

conventional APC method in predicting the microb.al quality of ^i"^", M^Wzim^. 

* v ,«„Ue i^cnpriftUvfor nrevioufilv frozen Samples. The use Ot ri { h Y . p ^sich Y-HP. 2000. Determination of carbon dioxide evolution rates 

meat samples, cspeciftliy tor premo us £ ™« £ H ft c , n ^ noninstrulTlli „tai mkrorcspiromeier. 1 aoac lm asarwn. 

the microrespirometer methods can be extended to Other pemii E ^ Commission on Microbiological Sperifiea.lons for Foods. 1986. 

■ able meat products for real-time detection and monitoring of nu- Microorganisms in foods. 2. stapling for microbiological anolytte principles 
crobial contamination. 
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